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Desulfurization of Coal in a Fluidized-Bed Reactor 
G. B. HALDIPUR and T. D. WHEELOCK 
Department of Chemical Engineering and Nuclear Engineering, 
Energy and Mineral Resources Research Institute, 
Iowa State University, Ames, IA 50011 
The pioneering investigation of Jacobs and Mirkus (1) showed 
that substantial amounts of sulfur could be removed from Illinois 
No. 6 coal by treatment with mixtures of air, nitrogen, and steam 
in a fluidized bed reactor at moderately elevated temperatures. 
Thus by treating coal, which had been ground in a hammer mill 
(100% through 8-mesh screen), with a gas mixture containing 2.7% 
oxygen, 35% steam, and 62.3% nitrogen at 510°C for 30 min, the 
sulfate and pyritic sulfur content of the solids was reduced about 
80% and the organic sulfur content 10%. However, at the same time 
the content of combustible volatile matter was reduced about 65%. 
Desulfurization improved with increasing residence time and de-
creasing particle size, but it was affected only slightly by 
oxygen concentrations in the range of 2-10% or steam concentra-
tions in the range of 0-85%. The sulfur content of the char de-
clined as the treatment temperature was increased to 430°C, but 
higher temperatures were not beneficial because desulfurization 
was accompanied by increased gasification and reduced yield of 
char. 
Even more encouraging r e s u l t s were r e p o r t e d by Sinha and 
Walker (_2) who were a b l e to remove a l a r g e percentage of the 
p y r i t i c s u l f u r from most of the samples i n a s e r i e s o f powdered 
bituminous c o a l s by t r e a t i n g them i n a combustion boat w i t h a i r 
a t 450°C f o r 10 min. Moreover, the low and medium v o l a t i l e 
b ituminous c o a l s i n the s e r i e s o n l y e x p e r i e n c e d about a 5% weight 
l o s s and the h i g h v o l a t i l e b ituminous c o a l s a 10-17% weight l o s s . 
However, the r e s u l t s of a s i m i l a r s e r i e s of experiments by B l o c k 
e t a l . (3) were l e s s p r o m i s i n g because l e s s p y r i t i c s u l f u r was 
removed, and a g r e a t e r weight l o s s was i n c u r r e d . 
A l t h ough the s e l e c t i v e o x i d a t i o n of p y r i t i c s u l f u r appeared 
to p l a y an important r o l e i n the f o r e g o i n g demonstrations o f 
d e s u l f u r i z a t i o n , i t may not have been an e x c l u s i v e r o l e because 
s u l f u r c o u l d a l s o have been removed through p y r o l y s i s and r e a c t i o n 
w i t h hydrogen which was r e l e a s e d by the p y r o l y t i c d e c o m p o s i t i o n 
of c o a l . Numerous s t u d i e s have shown t h a t p a r t of the s u l f u r i n 
c o a l i s removed d u r i n g c a r b o n i z a t i o n and t h a t the a d d i t i o n of 
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306 C O A L DESULFURIZATION 
hydrogen or c a r b o n i z a t i o n i n a stream of hydrogen a s s i s t s the r e -
moval of s u l f u r , p a r t i c u l a r l y a t h i g h e r temperatures (3,4,5,6). 
Under such c o n d i t i o n s s u l f u r i s removed p r i n c i p a l l y as hydrogen 
s u l f i d e . An i n v e s t i g a t i o n o f c o a l h y d r o d e s u l f u r i z a t i o n by a 
n o n i s o t h e r m a l k i n e t i c method r e v e a l e d s e v e r a l peaks i n the e v o l u -
t i o n r a t e of hydrogen s u l f i d e . Yergey e t a l . (7) a t t r i b u t e d the 
f i r s t peak, which o c c u r r e d i n the range of 390°-470°C f o r d i f f e r -
ent c o a l s , to the r e a c t i o n of hydrogen w i t h two forms of o r g a n i c 
s u l f u r , the second peak a t 520°C to the r e a c t i o n of hydrogen w i t h 
p y r i t e , the t h i r d peak a t 620°C to the r e a c t i o n of hydrogen w i t h 
f e r r o u s s u l f i d e (produced by the h y d r o d e s u l f u r i z a t i o n of p y r i t e ) , 
and the f o u r t h peak to the r e a c t i o n o f hydrogen w i t h a t h i r d form 
of o r g a n i c s u l f u r . U n f o r t u n a t e l y the h y d r o d e s u l f u r i z a t i o n o f 
c o a l i s i n h i b i t e d by hydrogen s u l f i d e i n the gas phase which 
s e v e r e l y l i m i t s the c o n c e n t r a t i o n b u i l d - u p o f hydrogen s u l f i d e 
(5,8,9,10). 
The work r e p o r t e d here was undertaken to determine the f e a -
s i b i l i t y of d e s u l f u r i z i n g a h i g h - s u l f u r bituminous c o a l from an 
Iowa mine by treatment a t moderately e l e v a t e d temperatures i n a 
f l u i d i z e d bed r e a c t o r w i t h e i t h e r o x i d i z i n g , n e u t r a l , or r e d u c i n g 
gases. N e a r l y i s o t h e r m a l experiments were c a r r i e d out w i t h a 
s m a l l f l u i d i z e d bed r e a c t o r to determine the e x t e n t o f d e s u l f u r -
i z a t i o n and c o a l weight l o s s f o r d i f f e r e n t c o n d i t i o n s of tempera-
t u r e and gas c o m p o s i t i o n . A l s o the treatments were a p p l i e d to 
both run-of-mine c o a l and b e n e f i c i a t e d c o a l . I n a d d i t i o n the 
o f f - g a s c o m p o s i t i o n was measured d u r i n g some experiments to de-
termine the d i s t r i b u t i o n of v a r i o u s s u l f u r and o t h e r compounds 
and to e s t i m a t e the h e a t i n g v a l u e of the gas. F i n a l l y c o n s i d e r a -
t i o n was g i v e n to the p o s s i b i l i t y of d e s u l f u r i z i n g the o f f - g a s 
and u s i n g i t as a c l e a n f u e l to burn a l o n g w i t h p a r t i a l l y d e s u l -
f u r i z e d c o a l char i n the same p l a n t i n order to meet a i r p o l l u -
t i o n c o n t r o l r e g u l a t i o n s . 
E x p e r i m e n t a l I n v e s t i g a t i o n 
Apparatus. F i g u r e 1 i s a f l o w diagram of the apparatus 
used f o r t h i s i n v e s t i g a t i o n . Feed gases were conducted through 
r o t a m e t e r s , combined, and heated to the r e a c t i o n temperature by 
an e l e c t r i c p r e h e a t e r . The hot gas then was passed through a 
f l u i d i z e d bed r e a c t o r c o n t a i n i n g the c o a l b e i n g t r e a t e d and then 
was conducted to a g l a s s c y c l o n e s e p a r a t o r which removed any f i n e 
p a r t i c l e s of c o a l e l u t r i a t e d from the bed. The gas was c o o l e d 
next to condense t a r and m o i s t u r e , f i l t e r e d w i t h g l a s s wool, and 
bubbled through an a l k a l i n e s o l u t i o n of hydrogen p e r o x i d e to 
remove s u l f u r o u s gases. Samples of gas were a n a l y z e d p e r i o d i c a l -
l y w i t h a magnetic type mass spectrometer (Model MS10, A s s o c i -
a t e d E l e c t r i c a l I n d u s t r i e s L t d . ) . 
The r e a c t o r was c o n s t r u c t e d from 2 - i n . i . d . s t a i n l e s s s t e e l 
p i p e and had an o v e r a l l l e n g t h of 18 i n . I t was f i t t e d w i t h a 
porous s i n t e r e d s t a i n l e s s s t e e l gas d i s t r i b u t o r h a v i n g an 
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P R E S S U R E ^ 
G A U G E s C O M P R E S S E D ~ N I T R O G E N 
G A S - P R E H E A T E R ^ 
PRESSURE G A U G E Q /fati 
U - S O L I D S I N J E C T O R 
R O T A M E T E R S 
H 2 
T R E A T M E N T G A S E S 
C Y C L O N E 
M 
TAR TRAP 
F L U I D I Z E D BED 
R E A C T O R 
H E A T E D F L U I D I Z E D 
S A N D BATH 
1 M I S T 
FILTER 
G A S S A M P L I I N G 
V A L V E Q 
S O L U T I O N 
Figure 1. Experimental apparatus flowsheet 
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308 C O A L DESULFURIZATION 
e f f e c t i v e pore s i z e of 20μιη. I t was a l s o equipped w i t h a thermo-
w e l l and a d e v i c e f o r i n j e c t i n g c o a l a t a p o i n t j u s t above the 
gas d i s t r i b u t o r . The r e a c t o r was p l a c e d i n an e l e c t r i c a l l y h e a t ­
ed, f l u i d i z e d sand b ath f o r temperature c o n t r o l . 
P rocedure. The r e a c t o r was charged w i t h a weighed amount of 
-40+50 mesh s i l i c a sand. The r e a c t o r was then brought up to 
o p e r a t i n g temperature w h i l e a i r was used as the f l u i d i z i n g medium. 
As the system approached the d e s i r e d temperature, a i r was r e p l a c e d 
w i t h the a p p r o p r i a t e treatment gas. When the temperature of the 
system appeared to have reached a steady s t a t e , powdered c o a l 
(-20+40 mesh) was i n j e c t e d i n t o the f l u i d i z e d bed of sand. T h i s 
was done by f i r s t f i l l i n g the i n j e c t o r tube w i t h a weighed amount 
of c o a l . The tube was s u b s e q u e n t l y p r e s s u r i z e d w i t h n i t r o g e n , 
and then the q u i c k opening b a l l v a l v e between the tube and the 
r e a c t o r was opened a l l o w i n g the c o a l to be d i s c h a r g e d i n t o the 
r e a c t o r . T h i s marked the b e g i n n i n g of a run. D u r i n g a r u n , the 
gas f l o w through the r e a c t o r and the temperature of the f l u i d i z e d 
sand bath s u r r o u n d i n g the r e a c t o r were kept c o n s t a n t . D u r i n g 
some r u n s , samples of the o f f - g a s were c o l l e c t e d i n g l a s s b u l b s 
a t d i s c r e t e time i n t e r v a l s and l a t e r were a n a l y z e d w i t h the mass 
spectro m e t e r . A f t e r a run was completed, the r e a c t o r was un­
coupled and doused w i t h water to c o o l i t to room temperature. 
The c o n t e n t s of the r e a c t o r were weighed and screened to s e p a r a t e 
the sand and c o a l c h a r . The proximate a n a l y s i s , h e a t i n g v a l u e , 
and s u l f u r d i s t r i b u t i o n o f the char were subsequently determined 
by the ASTM method. T h i s method of a n a l y s i s d i d not d i s t i n g u i s h 
between s u l f u r p r e s e n t as f e r r o u s s u l f i d e (FeS) and o r g a n i c 
s u l f u r . 
M a t e r i a l s . Two run-of-mine (ROM) samples of h i g h v o l a t i l e 
C bituminous c o a l from the Jude Coal Co. s t r i p mine i n Mahaska 
County, Iowa, were t r e a t e d . The samples were crushed and s c r e e n ­
ed to p r o v i d e m a t e r i a l i n the -20+40 mesh s i z e range. A f t e r 
s i e v i n g , each sample was s p l i t i n t o two f r a c t i o n s . One f r a c t i o n 
was used as i s , w h i l e the o t h e r f r a c t i o n was b e n e f i c i a t e d by a 
f l o a t / s i n k technique u s i n g a l i q u i d medium (a m i x t u r e of hexane 
and t e t r a c h l o r o e t h y l e n e ) h a v i n g a s p e c i f i c g r a v i t y of 1.30. 
S i n c e t h i s method of b e n e f i c i a t i o n g r e a t l y reduced the ash con­
t e n t as w e l l as the p y r i t i c s u l f u r c o n t e n t of the c o a l , the 
b e n e f i c i a t e d f r a c t i o n i s r e f e r r e d to as deashed c o a l . The com­
p o s i t i o n and h e a t i n g v a l u e of the two run-of-mine samples and 
c o r r e s p o n d i n g deashed f r a c t i o n s are shown i n Table I . 
R e s u l t s and D i s c u s s i o n 
F i r s t S e r i e s of Runs. The f i r s t s e r i e s of runs was c a r r i e d 
out to determine the e f f e c t s of f o u r d i f f e r e n t treatment gas com­
p o s i t i o n s and t h r e e d i f f e r e n t temperature l e v e l s (240°, 325°, and 
400°C) on the d e s u l f u r i z a t i o n of both run-of-mine c o a l and deashed 
c o a l . The treatment gases i n c l u d e d (1) 100% N 2, (2) 85% H 2, 15% 
N 2, (3) 4% 0 2 , 96% N 2, and (4) 10% 0 2 , 90% N 2. C o a l i d e n t i f i e d 
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Table I . Composition of Jude Mine Coal on an As-Received B a s i s 
Type of A n a l y s i s 
Sample I 
ROM Deashed 
Sample I I 
ROM Deashed 
Proximate (wt %) 
mo i s t u r e 6.35 2.24 5.37 4.04 
v o l a t i l e matter 41.14 46.03 40.61 45.60 
f i x e d carbon 38.68 48.84 39.41 47.50 
ash 13.83 2.90 14.61 2.86 
S u l f u r (wt %) 
s u l f a t e 
p y r i t i c 
o r g a n i c 
t o t a l 
0.49 
2.40 
3.54 
6.43 
0.39 
0.60 
3.97 
4.96 
0.76 
2.87 
4.43 
8.06 
0.38 
0.60 
5.37 
6.35 
H e a t i n g v a l u e 
( B t u / l b ) 
S p e c i f i c s u l f u r 
c o n t e n t ( l b . 
S/10 6 Btu) 
10,980 
5.86 
13,430 
3.69 
10,860 
7.42 
12,990 
4.89 
as Sample I i n Table I was used f o r t h i s s e r i e s . For each r u n , 
50 g of c o a l was i n j e c t e d i n t o 400 g of s i l i c a sand f l u i d i z e d 
w i t h the a p p r o p r i a t e treatment gas a t a s u p e r f i c i a l v e l o c i t y o f 
30-40 cm/sec. As soon as the c o a l was added, the temperature o f 
the f l u i d i z e d bed i n the r e a c t o r dropped 15°-50°C. However, the 
temperature of the bed re c o v e r e d to i t s i n i t i a l temperature i n 
5-10 rain and then remained c o n s t a n t f o r the remainder of a run 
except f o r runs made a t the h i g h e s t temperature and oxygen l e v e l s . 
For these r u n s , the temperature o f the bed c o n t i n u e d to r i s e 
throughout a run so the f i n a l temperature was 60°-70°C h i g h e r 
than the i n i t i a l temperature. T h i s i n c r e a s e i n temperature seem-
ed due to p a r t i a l combustion of the c o a l or i t s d e c o m p o s i t i o n 
p r o d u c t s . Each run l a s t e d 30 min. For t h i s s e r i e s of runs o n l y 
the char product was re c o v e r e d and a n a l y z e d ; the o f f - g a s was not 
sampled. 
The r e s u l t s of runs made w i t h Sample I , run-of-mine c o a l 
are p r e s e n t e d i n Table I I . S i n c e d u p l i c a t e runs were made a t the 
lowest and h i g h e s t temperatures, each l i s t e d v a l u e r e p r e s e n t s an 
average f o r two runs a t these temperatures. On the o t h e r hand, 
each l i s t e d v a l u e f o r the i n t e r m e d i a t e temperature l e v e l r e -
p r e s e n t s the r e s u l t of a s i n g l e run. D u r i n g each run the c o a l 
e x p e r i e n c e d some l o s s i n weight because of the escape o f v o l a t i l e 
m a tter. T h i s l o s s i n c r e a s e d d i r e c t l y w i t h temperature but was 
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310 C O A L DESULFURIZATION 
Table I I . R e s u l t s of the F i r s t S e r i e s of Runs w i t h Run-of-Mine 
C o a l 
S u l f u r Removed (%) 
T r t . 
Gas 
Temp. 
(°C) 
Wt. Loss 
(%) P y r i t i c Organic T o t a l 
l b . S a 
106 Btu 
100% N 2 235 11 .6 9. .2 10.7 7.4 6.3 
320 14 .0 7. .8 3.2 2.5 6.6 
400 31 .6 7, Λ 49.1 29.1 6.4 
85% H 2 235 11 .8 7, .1 7.0 6.6 6.1 
325 15 .0 7. .7 12.3 10.1 6.0 
400 33 .6 29, .2 35.4 39.7 5.5 
4% 0 2 235 11 .7 8. .2 12.2 6.7 6.4 
320 16 .0 12. .9 25.3 19.1 5.8 
410 30 .7 41. .2 46.4 45.7 4.9 
10% o 2 240 10 .0 7. .9 18.4 11.3 6.2 
330 18 .5 8. .6 22.7 11.3 7.3 
440 63 .0 73. .3 79.8 77.9 5.6 
a S p e c i f i c s u l f u r c ontent of char p r o d u c t . 
not much d i f f e r e n t f o r d i f f e r e n t treatment gases except f o r the 
case when a gas c o n t a i n i n g 10% oxygen was used a t the h i g h e s t 
temperature, and over 60% of the c o a l was consumed. With t h i s 
one e x c e p t i o n the weight l o s s seemed caused p r i m a r i l y by p y r o l y s i s 
r a t h e r than by r e a c t i o n s i n v o l v i n g any of the treatment gases, 
a l t h o u g h the v o l a t i l e d e c o m p o s i t i o n produ cts were o b v i o u s l y not 
the same f o r d i f f e r e n t treatment gases. Thus some b l a c k t a r was 
condensed from the o f f - g a s when e i t h e r n i t r o g e n or hydrogen was 
used, and o n l y a s m a l l amount of l i g h t o i l and water was condensed 
when e i t h e r o f the oxygen b e a r i n g gases was used. 
The percentage of e i t h e r p y r i t i c , o r g a n i c , or t o t a l s u l f u r 
removed from the c o a l was determined as f o l l o w s : 
•r\ i r . ... ,o,\ S wt. i n feed - S wt. i n product , n r k , Λ. D e s u l f u r i z a t i o n (%) = ; - z — - — L χ 100 (1) S wt. i n feed 
Only a s m a l l percentage of the p y r i t i c s u l f u r was removed a t any 
of the temperature l e v e l s when pure n i t r o g e n was used as the 
treatment gas (Table I I ) . However, when e i t h e r hydrogen- or 
oxygen-bearing gases were used, a s i g n i f i c a n t percentage of the 
p y r i t i c s u l f u r was removed a t the h i g h e s t temperature w i t h more 
s u l f u r b e i n g e x t r a c t e d by oxygen than by hydrogen. The p e r c e n t ­
age of o r g a n i c s u l f u r removed was s t r o n g l y a f f e c t e d by tempera­
t u r e , but i t was a f f e c t e d v e r y l i t t l e by the treatment gas com­
p o s i t i o n even though i t may have appeared t h a t more o r g a n i c s u l ­
f u r was removed a t 400°C by e i t h e r n i t r o g e n a l o n e or oxygen-
n i t r o g e n m i x t u r e s than by hydrogen. A q u a l i t a t i v e c h e m i c a l 
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a n a l y s i s showed t h a t some of the " o r g a n i c " s u l f u r i n char p r o ­
duced d u r i n g the runs w i t h hydrogen was a c t u a l l y an i n o r g a n i c 
s u l f i d e . A s i m i l a r a n a l y s i s of the char produced d u r i n g the runs 
w i t h oxygen i n the feed gas d i d not r e v e a l any s u l f i d e . F u r t h e r ­
more, so l i t t l e p y r i t i c s u l f u r was removed d u r i n g the runs w i t h 
pure n i t r o g e n t h a t not much s u l f i d e c o u l d have been produced. 
T h e r e f o r e o n l y the r e s u l t s from the hydrogen runs a r e s u s p e c t , 
and the o r g a n i c s u l f u r removed a t 400°C was p r o b a b l y g r e a t e r 
than i n d i c a t e d because o f t h i s problem w i t h the c h e m i c a l 
a n a l y s i s . C o n s i d e r i n g t h a t the removal o f o r g a n i c s u l f u r depends 
s t r o n g l y on temperature and v e r y l i t t l e on treatment gas com­
p o s i t i o n , i t appears t h a t such removal i s caused m a i n l y by 
p y r o l y s i s and r e l e a s e o f v o l a t i l e m a t t e r . 
The c u m u l a t i v e d i s t r i b u t i o n of v a r i o u s forms o f s u l f u r r e ­
maining i n e i t h e r run-of-mine or deashed c o a l a f t e r treatment 
w i t h oxygen b e a r i n g gases i s shown i n F i g u r e 2. The v e r t i c a l 
d i s t a n c e s e p a r a t i n g any g i v e n p a i r of curves r e p r e s e n t s the p e r ­
centage o f the i n d i c a t e d s p e c i e s of s u l f u r found i n the product 
based on the t o t a l s u l f u r i n the f e e d , and i t was determined by 
u s i n g the r e l a t i o n : 
0 . / < V N wt. of s p e c i e s i n product Λ ~~ / O N S s p e c i e s (%) = ; c . „ . v . — χ 100 (2) v t o t a l wt. of S i n feed 
The d i s t r i b u t i o n a t the l e f t - h a n d s i d e of each diagram corresponds 
to the s u l f u r d i s t r i b u t i o n of the feed m a t e r i a l . A comparison o f 
the s u l f u r d i s t r i b u t i o n a t d i f f e r e n t temperatures w i t h the 
i n i t i a l d i s t r i b u t i o n shows t h a t f o r every treatment gas, the t o t a l 
amount of s u l f u r r e m a i n i n g i n the s o l i d s decreased as the tempera­
t u r e was r a i s e d w i t h the g r e a t e s t change g e n e r a l l y t a k i n g p l a c e 
above 325°C. In the case of e i t h e r run-of-mine o r deashed c o a l 
t r e a t e d w i t h oxygen, both o r g a n i c and i n o r g a n i c s u l f u r were r e ­
moved, but a t h i g h e r temperatures more i n o r g a n i c s u l f u r appeared 
to be removed than o r g a n i c r e l a t i v e to the amount of each s p e c i e s 
p r e s e n t i n i t i a l l y . 
The s u l f u r d i s t r i b u t i o n diagrams a l s o i n d i c a t e the i n t e r -
c o n v e r s i o n between forms of s u l f u r . Thus i t appears t h a t the 
s u l f a t e form o f s u l f u r gained s l i g h t l y a t the expense o f o t h e r 
forms of s u l f u r when run-of-mine c o a l was t r e a t e d w i t h an oxygen-
b e a r i n g gas a t 235°C. However, i t does not appear t h a t any of 
the t r eatments produced a w h o l e s a l e t r a n s f o r m a t i o n of one form 
of s u l f u r i n t o another. There c e r t a i n l y was l i t t l e i f any 
evidence such as C e r n i c - S i m i c (4) had found i n d i c a t i n g the 
t r a n s f o r m a t i o n o f o r g a n i c s u l f u r i n t o i n o r g a n i c s u l f u r . 
As a r e s u l t o f v o l a t i l e m atter l o s s and/or c o a l o x i d a t i o n 
which accompanied d e s u l f u r i z a t i o n , the s p e c i f i c s u l f u r c o n t e n t 
(pounds o f s u l f u r per m i l l i o n Btu) of the c o a l was not reduced 
m a t e r i a l l y by any of the tr e a t m e n t s . I n f a c t f o r most of the 
tr e a t m e n t s , the s p e c i f i c s u l f u r c o n t e n t of the t r e a t e d r u n - o f -
mine c o a l (Table I I ) was a c t u a l l y s l i g h t l y l a r g e r than t h a t o f 
the feed (5.86 1b. S/10 6 B t u ) . For run-of-mine c o a l the lo w e s t 
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312 C O A L DESULFURIZATION 
Figure 2. Sulfur distribution diagrams for coal char after oxygen treatments 
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s p e c i f i c s u l f u r c o n t e n t (4.9 l b . S/10^ Btu) was o b t a i n e d when i t 
was t r e a t e d a t 410°C w i t h gas c o n t a i n i n g 4% oxygen. For deashed 
c o a l the s p e c i f i c s u l f u r c o n tent of the product was s l i g h t l y l e s s 
than t h a t of the feed (3.69 l b . S/10 6 Btu) f o l l o w i n g most of the 
t r e a t m e n t s , and a t the h i g h e s t temperature l e v e l the s p e c i f i c s u l -
f u r content of the product was almost the same r e g a r d l e s s of 
treatment gas. 
Second S e r i e s of Runs. The second s e r i e s of runs was con-
ducted to measure the y i e l d and c o m p o s i t i o n of the gaseous r e a c -
t i o n product as w e l l as the e x t e n t of s u l f u r removal from both 
run-of-mine c o a l and deashed c o a l . The treatment gases i n c l u d e d 
pure n i t r o g e n and two component m i x t u r e s of n i t r o g e n and e i t h e r 
hydrogen or oxygen. Coal i d e n t i f i e d as Sample I I i n Table I was 
used f o r t h i s s e r i e s . For each run 200 g of c o a l was i n j e c t e d 
i n t o 250 g of s i l i c a sand f l u i d i z e d w i t h the a p p r o p r i a t e t r e a t -
ment gas at a s u p e r f i c i a l v e l o c i t y of 25-50 cm/sec. As soon as 
the c o a l was added, the temperature of the f l u i d i z e d bed i n the 
r e a c t o r dropped 115°-170°C. The temperature of the bed u s u a l l y 
r e c o v e r e d i n 10-15 min to somewhere near i t s i n i t i a l v a l u e and 
then remained c o n s t a n t f o r the d u r a t i o n of a r u n , except f o r the 
runs made w i t h an oxygen-bearing gas where the temperature con-
t i n u e d to r i s e s l o w l y . The runs l a s t e d e i t h e r 60 or 90 min. For 
t h i s s e r i e s of runs the o v e r a l l y i e l d of l i q u i d condensate was 
determined, and samples of r e a c t o r o f f - g a s were drawn p e r i o d i c a l l y 
and a n a l y z e d w i t h the mass spe c t r o m e t e r . The h e a t i n g v a l u e of the 
f u e l gas p o r t i o n of the o f f - g a s was e s t i m a t e d by summing the heats 
of combustion of the i n d i v i d u a l components. However, f o r runs 
u s i n g hydrogen as the treatment gas, the c o n t r i b u t i o n of hydrogen 
to the h e a t i n g v a l u e was e x c l u d e d . 
The r e s u l t s of s e l e c t e d runs i n t h i s s e r i e s o f experiments 
are p r e s e n t e d i n Table I I I . S i n c e these runs were made at r e l a -
t i v e l y h i g h temperatures (370°-400°C) and were of l o n g d u r a t i o n , 
a p p r e c i a b l e amounts of v o l a t i l e matter and s u l f u r were removed 
from the c o a l . When e i t h e r n i t r o g e n or hydrogen was used as the 
treatment gas, the o f f - g a s c o n t a i n e d s m a l l but s i g n i f i c a n t 
amounts of ethane and propane. A s i g n i f i c a n t amount of hydrogen 
was a l s o found i n the o f f - g a s when pure n i t r o g e n was fed to the 
r e a c t o r . For the runs made w i t h an oxygen-bearing treatment gas, 
the o f f - g a s c o n t a i n e d s e v e r a l p ercent each of oxygen, carbon 
d i o x i d e , and carbon monoxide; s l i g h t l y l e s s hydrogen; a s m a l l 
amount of methane; and t r a c e amounts of ethane and propane. In 
a d d i t i o n the o f f - g a s c o n t a i n e d s m a l l amounts of s u l f u r d i o x i d e 
and hydrogen s u l f i d e w i t h the former u s u a l l y e x c e e d i n g the l a t t e r . 
Traces of c a r b o n y l s u l f i d e were a l s o observed i n o x i d i z i n g runs. 
An o v e r a l l m a t e r i a l b alance made f o r each of the s e l e c t e d runs 
accounted f o r 97.5-99.9% of a l l the m a t e r i a l s e n t e r i n g and l e a v i n g 
the system. 
During each r u n , the t o t a l q u a n t i t y o f s u l f u r i n the o f f - g a s 
was a l s o determined by a b s o r p t i o n and o x i d a t i o n o f the v a r i o u s 
s u l f u r o u s gases i n an a l k a l i n e s o l u t i o n of hydrogen p e r o x i d e , and 
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t h i s q u a n t i t y agreed r e a s o n a b l y w e l l w i t h the gas a n a l y s i s made 
w i t h the mass spectrometer. However, the q u a n t i t y o f s u l f u r 
a p p e a r i n g as noncondensible gaseous s p e c i e s was o n l y 40-80% o f the 
s u l f u r l o s t by the c o a l . Hence, the condensed t a r and water must 
have c o n t a i n e d an a p p r e c i a b l e p a r t o f the s u l f u r e x t r a c t e d from 
the c o a l . 
For the runs made w i t h hydrogen or n i t r o g e n , the h e a t i n g 
v a l u e o f the c o a l - d e r i v e d c o m b u s t i b l e components i n the o f f - g a s 
was e q u i v a l e n t to 6-11% of the h e a t i n g v a l u e of the c h a r , and f o r 
the runs made w i t h an oxygen b e a r i n g gas, the h e a t i n g v a l u e o f 
these components was e q u i v a l e n t to 14-36% of the h e a t i n g v a l u e of 
the c o r r e s p o n d i n g char. Consequently the combined h e a t i n g v a l u e 
of the char and c o a l - d e r i v e d gas was s i g n i f i c a n t l y l a r g e r than 
t h a t of the char a l o n e . 
The s p e c i f i c s u l f u r c o n t e n t of both the product char and the 
char and f u e l gas combined was e s t i m a t e d (Table I I I ) . For t h i s 
purpose i t was assumed t h a t the o f f - g a s c o u l d be c o m p l e t e l y de-
s u l f u r i z e d . The s p e c i f i c s u l f u r c o n t e n t of the char produced 
d u r i n g each of the s e l e c t e d runs was s i g n i f i c a n t l y l e s s than t h a t 
of the feed. Furthermore by lumping the char and d e s u l f u r i z e d 
o f f - g a s t o g e t h e r , the s p e c i f i c s u l f u r c o n t e n t o f the combined 
pr o d u c t s would be even lower. Thus f o r the c o n d i t i o n s o f Run 
MSO-7 the s p e c i f i c s u l f u r c o n t e n t of the char was 7% l e s s than 
t h a t o f the run-of-mine c o a l , and the s p e c i f i c s u l f u r c o n t e n t of 
the char and d e s u l f u r i z e d gas to g e t h e r would be 39% l e s s . The 
r e s u l t s of Run MSN-4 i n d i c a t e the p o s s i b i l i t y f o r a 56% o v e r a l l 
r e d u c t i o n i n the s p e c i f i c s u l f u r c o n t e n t of the f u e l by f i r s t 
b e n e f i c i a t i n g i t and then a p p l y i n g a m i l d p y r o l y s i s treatment as 
i n t h i s r un. 
Formation Rates of H2S and S02. The r a t e s of f o r m a t i o n of 
hydrogen s u l f i d e and s u l f u r d i o x i d e d u r i n g the second s e r i e s of 
runs were e s t i m a t e d by a n a l y z i n g the t i m e - v a r y i n g c o m p o s i t i o n o f 
the r e a c t o r o f f - g a s as determined by the mass sp e c t r o m e t e r . The 
f o r m a t i o n r a t e of hydrogen s u l f i d e as a f u n c t i o n of the c o n v e r s i o n 
of c o a l s u l f u r i n t o hydrogen s u l f i d e and s u l f u r d i o x i d e i s shown 
f o r s e v e r a l runs made w i t h n i t r o g e n i n F i g u r e 3 and f o r s e v e r a l 
runs made w i t h hydrogen i n F i g u r e 4. Hydrogen s u l f i d e was the 
p r i n c i p a l noncondensible s u l f u r compound i n the o f f - g a s d u r i n g 
these runs. For both treatment gases, the f o r m a t i o n r a t e of 
hydrogen s u l f i d e f i r s t i n c r e a s e d , subsequently peaked, and then 
decreased m o n o t o n i c a l l y w i t h i n c r e a s i n g c o n v e r s i o n . The i n i t i a l 
i n c r e a s e i n the r a t e was proba b l y caused by the r i s e i n tempera-
t u r e of the c o a l a f t e r i t was f i r s t p l a c e d i n the r e a c t o r , and 
the l a t e r decrease i n the r a t e to the d i m i n i s h i n g c o n c e n t r a t i o n 
of s u l f u r i n the c o a l . A f t e r i t peaked, the r a t e f o r deashed 
c o a l appeared to be e s s e n t i a l l y a l i n e a r f u n c t i o n of the conver-
s i o n which corresponds to a f i r s t - o r d e r p r o c e s s . S i n c e the s u l f u r 
i n deashed c o a l was pr e s e n t m a i n l y as o r g a n i c s u l f u r , t h i s r e s u l t 
i n d i c a t e s t h a t the c o n v e r s i o n of o r g a n i c s u l f u r to hydrogen s u l -
f i d e i s an apparent f i r s t - o r d e r r e a c t i o n w i t h r e s p e c t to the 
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Figure 3. Rate of H2S formation during 0 5 10 15 20 25 
pyrolysis in nitrogen CONVERSION OF SULFUR TO H2S AND S02,% 
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s u l f u r s p e c i e s i n c o a l , which i s i n agreement w i t h Yergey e t a l . 
(7)· On the o t h e r hand, the c o n v e r s i o n of s u l f u r i n run-of-mine 
c o a l to hydrogen s u l f i d e does not appear to be a f i r s t - o r d e r p r o -
cess s i n c e the curves f o r t h i s m a t e r i a l i n F i g u r e s 3 and 4 are 
n o n l i n e a r . Because the run-of-mine c o a l c o n t a i n e d l a r g e amounts 
of both p y r i t i c and o r g a n i c s u l f u r , the n o n l i n e a r b e h a v i o r c o u l d 
have been caused by the s u p e r p o s i t i o n o f r e a c t i o n s i n v o l v i n g the 
two s u l f u r s p e c i e s . A l t hough the curves r e p r e s e n t i n g the forma-
t i o n r a t e of hydrogen s u l f i d e were s i m i l a r f o r both hydrogen and 
n i t r o g e n , i t i s apparent t h a t f o r the same temperature and type 
of c o a l , the r a t e was l a r g e r when hydrogen was used. T h i s i s o n l y 
n a t u r a l s i n c e the r a t e s h o u l d depend on the hydrogen c o n c e n t r a -
t i o n , and when pure n i t r o g e n was f e d , any hydrogen had to come 
from the decomposition o f the c o a l i t s e l f . 
When an oxygen-bearing gas was used to t r e a t c o a l , s u l f u r 
d i o x i d e was u s u a l l y the major noncondensible s u l f u r compound i n 
the o f f - g a s , but s i g n i f i c a n t amounts of hydrogen s u l f i d e were 
a l s o p r e s e n t . The f o r m a t i o n r a t e of s u l f u r d i o x i d e d u r i n g s e v e r a l 
runs made w i t h an o x i d i z i n g gas i s shown i n F i g u r e 5. For each 
run two d i s t i n c t peaks i n the s u l f u r d i o x i d e f o r m a t i o n r a t e were 
observed. The f i r s t peak might have been caused by d e v o l a t i l i z a -
t i o n and o x i d a t i o n of v o l a t i l e s u l f u r compounds i n c l u d i n g hydrogen 
s u l f i d e . A f t e r the i n i t i a l d e g a s s i n g of c o a l had s u b s i d e d , oxygen 
c o u l d p e n e t r a t e the c o a l more r e a d i l y and r e a c t w i t h embedded 
p y r i t e s l e a d i n g to the second peak. Then as the o x i d a t i o n r a t e of 
p y r i t e s became l i m i t e d by the d i f f u s i o n of oxygen through an i n -
c r e a s i n g l a y e r o f r e a c t i o n p r o d u c t s such as i r o n o x i d e , the r a t e 
s u b s i d e d . The d i f f e r e n c e i n the b e h a v i o r of the two types o f c o a l 
f u r t h e r s u p p o r t s t h i s t h e o r y . Thus f o r deashed c o a l w i t h a r e -
l a t i v e l y s m a l l p y r i t e c o n t e n t , the second peak was much s m a l l e r 
than f o r run-of-mine c o a l . 
A n a l y s i s and C o n c l u s i o n s 
The r e s u l t s o f t h i s study confirmed t h a t i t i s p o s s i b l e to 
remove s u b s t a n t i a l amounts of s u l f u r from p u l v e r i z e d bituminous 
c o a l i n a f l u i d i z e d bed r e a c t o r operated a t e l e v a t e d temperatures. 
However, f o r the type o f c o a l used i n t h i s s t u d y , the removal of 
s u l f u r i s accompanied by a s u b s t a n t i a l l o s s of v o l a t i l e m a t t e r . 
Both the degree of d e s u l f u r i z a t i o n and ex t e n t of d e v o l a t i l i z a t i o n 
a r e s t r o n g l y i n f l u e n c e d by temperature. The c o m p o s i t i o n o f the 
f l u i d i z i n g gas appears to have more e f f e c t on the removal of 
p y r i t i c s u l f u r than on the removal of o r g a n i c s u l f u r and v o l a t i l e 
matter i n the 240°-400°C range. Thus an oxygen-bearing gas 
appears more e f f e c t i v e f o r removing p y r i t i c s u l f u r than a 
hydrogen-bearing gas, and n i t r o g e n i s c o m p l e t e l y i n e f f e c t i v e . On 
the o t h e r hand, the removal of o r g a n i c s u l f u r appears due ma i n l y 
to p y r o l y s i s and d e v o l a t i l i z a t i o n and i s not a s t r o n g f u n c t i o n 
of the treatment gas c o m p o s i t i o n . S i n c e a s i g n i f i c a n t p a r t of 
the c o a l i s v o l a t i l i z e d , the re c o v e r y and u t i l i z a t i o n of the 
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TIME, MIN. 
Figure 5. Rate of S02 formation during 
treatment with gas containing 10% oxygen 
D
ow
nl
oa
de
d 
by
 IO
W
A
 S
TA
TE
 U
N
IV
 o
n 
Ju
ne
 6
, 2
01
6 
| ht
tp:
//p
ubs
.ac
s.o
rg 
 
Pu
bl
ic
at
io
n 
D
at
e:
 Ju
ne
 1
, 1
97
7 
| do
i: 1
0.1
021
/bk
-19
77-
006
4.c
h02
3
 Wheelock; Coal Desulfurization 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
23. HALDiPUR A N D W H E E L O C K Desulfurization in a Fluid-Bed Reactor 319 
v o l a t i l e p r o d u c t s i s im p o r t a n t . 
Although a number of i n d u s t r i a l process a l t e r n a t i v e s based 
on the f l u i d i z e d - b e d method of d e s u l f u r i z a t i o n are c o n c e i v a b l e , 
o n l y two w i l l be c o n s i d e r e d here. One a l t e r n a t i v e i n v o l v e s t r e a t ­
i n g p u l v e r i z e d c o a l i n a continuous f l o w system w i t h a i r or a i r 
d i l u t e d w i t h r e c y c l e d o f f - g a s to remove p y r i t i c s u l f u r and o r g a n i c 
s u l f u r . T h i s approach i s i n d i c a t e d f o r c o a l s c o n t a i n i n g f i n e l y 
d i s s e m i n a t e d p y r i t e s which can not be removed by p h y s i c a l s e p a r a ­
t i o n . I t i s c o n c e i v a b l e t h a t s u f f i c i e n t heat would be generated 
through o x i d a t i o n to s u s t a i n the p r o c e s s . However, the o f f - g a s 
would be d i l u t e d w i t h n i t r o g e n and would have a low h e a t i n g v a l u e . 
A l s o the s u l f u r d i o x i d e p r e s e n t i n low c o n c e n t r a t i o n would be 
d i f f i c u l t to e x t r a c t . On the o t h e r hand, the l i g h t o i l i n the 
o f f - g a s would be r e l a t i v e l y easy to remove, and there would be no 
t a r to contend w i t h . A second a l t e r n a t i v e i n v o l v e s t r e a t i n g c o a l 
i n a f l o w system w i t h r e c y c l e d o f f - g a s which has been d e s u l f u r i z e d 
and heated. T h i s approach i s i n d i c a t e d f o r c o a l s w i t h important 
amounts of o r g a n i c s u l f u r but l i t t l e p y r i t i c s u l f u r . The o f f - g a s 
would be r i c h i n hydrogen and methane and would have a r e l a t i v e l y 
h i g h h e a t i n g v a l u e . Hydrogen s u l f i d e i n the gas would be r e l a ­
t i v e l y easy to remove, but the t a r a l s o p r e s e n t would c r e a t e 
more o f a problem than the l i g h t o i l produced under o x i d i z i n g 
c o n d i t i o n s . I n the case of e i t h e r a l t e r n a t i v e , the c l e a n f u e l 
gas would be used t o g e t h e r w i t h a char p r o d u c t . 
W hile the methods a p p l i e d i n t h i s study d i d not reduce the 
s u l f u r c o ntent of the s e l e c t e d c o a l to the p o i n t where the p r o ­
duct would meet present a i r p o l l u t i o n c o n t r o l s t a n d a r d s , f u r t h e r 
improvement i n methodology i s p o s s i b l e . From the p u b l i s h e d 
r e s u l t s of o t h e r workers ( 1 , 2 ) , i t i s l i k e l y t h a t e i t h e r r e d u c i n g 
the p a r t i c l e s i z e or i n c r e a s i n g the temperature would be b e n e f i ­
c i a l , a l t h o u g h i n c r e a s i n g the temperature would remove more v o l a ­
t i l e matter as w e l l as more s u l f u r . A l s o c o a l s which i n i t i a l l y 
c o n t a i n l e s s s u l f u r o r are of a h i g h e r rank than the one s e l e c t e d 
c o u l d p o s s i b l y b e n e f i t more from t h i s type o f treatment. 
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